An electromagnetic meter has been calibrated for pulsatile flow with use of a sinusoidal driver operating up to 45 c!p.s. Accurate recording of alternating flow at this frequency was possible under specified conditions. Pulsatile flow measurements from animals were directly calibrated by fractional collection of blood after it passed through the meter. Harmonic analyses of flow curves indicated that full response to 20 c.p.s. permitted adequate recording of femoral artery flow in an anesthetized dog.
T HE ACCURACY of. pulsatile blood flow measurements depends in part on the frequency response of the meter used. Since the capacity of most meters in this respect is limited, it is advisable to know the rapidity of fluctuations in flow that may be expected under conditions of the measurement. A perfectly accurate record of pulsatile blood flow in an undisturbed vessel cannot be made at present, and it is therefore necessary to use the data from imperfect, instruments to determine indirectly the requirements these instruments ought to meet.
In the experiments to be described, the frequency response of an electromagnetic flowmeter has first been established for various conditions of measurement, and then pulsatile blood flow recordings, obtained with this meter, have been analyzed, harmonically to indicate the relative importance of higher frequency components. METHODS The Electromagnetic Floic Meter tised in preliminary experiments was derived from a design by Kolin. 1 Later, the square wave type of Denison, Spencer, and Green 2 was tested, using 240 c.p.s., and found to provide more stability at high ampli-From the Departments of Surgery and Physiology, University of Minnesota, and the Veterans Administration Hospital, Minneapolis, Minn.
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flcation. Modifications of this design which were shown by experiment to improve performance are the following (figs. 1 and 2) : 1. Amplification of signal was obtained with a battery-operated Brush BL-954 preamplifier. 2. A separate power supply was used for the magnet drive. 3. The grounded magnet core presented bare metal over an area 3 nun. wide on the distal outer surface of each pole piece, making contact with tissue or blood when placed in an animal, in order to provide a fixed ground connection symmetrical with the electrodes. 4. The magnet was wound with doubled wire and connected so that the current energized both sides of the core equally with each pulse, rather than each side alternately, as with the center tap connection. The bifilament arrangement increased field strength and reduced noise generated from the magnet, when comparing the same core and number of turns of wire. 5. Circular electrode holders were made in sizes graduated in 1 mm. steps, each incorporated permanently in bakelite with its own magnet. Each electrode cuff was approximately as wide as its diameter. Either a hinged opening or a small slit was provided for entry of the vessel. The vessel was thus fitted within 0.5 mm. of its diameter, or ± 1 0 per cent in the 5 mm. size used in these experiments. The signal from the meter was amplified by a Ranborn 150 DC coupling preamplifier, and recorded on a Sanborn 150 direct writing recorder. Only the central 14 nun. of paper were customarily used, and the recorder responded 100 per cent to at least 45 c.p.s. in this range.
Venous pressure and arterial pulse pressure, measured distal to the meter, were unchanged by its application to the femoral artery in anesthetized dogs. Pulsatile flow records were unchanged by proximal application to the artery of a dummy electrode cuff of the same size as that in operation. Zero flow was recorded by occluding the vessel distal to the meter. Frequency Response was measured by use of a peifusion apparatus employing two opposed tuberculin 1 ml. syringes with the narrow ends removed. The diameter of the lumen, approximately 4 mm., corresponds to that of an average-sized femoral artery in a dog. The open ends of the two syringes were directly connected to a short length of excised artery just traversing the width of a 5 mm. electrode block and magnet assembly, which fit the outside diameter of the vessel. The plungers of the syringes were rigidly fixed to a sliding steel bar, which was fastened in turn to a connecting rod, crank, and motor. The length of the crank arm was 2.3 mm., and that of the connecting rod 35 cm., henoe the motion imparted to the cylinders was virtually sinusoidal. The system was completely filled with 0.9 per cent XaCl and the vessel and magnet poles were immersed in a saline bath. A simpler arrangement with a rigid conduit in place of the encircled vessel was also tested, but the results differed from those obtained with the vessel because of the different ground connections then necessary in the vicinity of the electrodes. It was obligatory to have the same ground connection in this test system as was to be used in the animal, if utilization of the frequency response data were to be made for interpreting in vivo measurements. The cylinders were moved back and forth, by action of the motor and crank, at frequencies continuously varied from less than 1 c.p.s. to 45 c.p.s., producing a sine wave signal on the flowmeter which normally varied in amplitude directly with the frequency. An electric contact was made by the crank arm at the place where it was exactly perpendicular to the direction of piston and fluid motion, that is, where velocity of flow was maximal. Recording of signals from this contact coincided with the peaks of the sine waves, indicating that the flow record showed no phase lag in relation to motion of the fluid. The frequency at which the response fell off from 100 per cent was easily recognized, and the fraction of full response obtained at various higher frequencies was also recorded. These data were obtained with independent variation of sensitivity and electric damping.
The percentage of full response observed with the motorized pistons was confirmed by comparison of the steady flow calibration through the same cylinders and vessel (pistons removed) with the known volume rate of flow at the peak of each of the sine wave signals. Peak flow rates, produced by the motor, ranged from 13.6 nil./min. at 1 c.p.s. to 612 ml./inin. at 45 c.p.s. Saline and blood gave the same calibration for steady flow.
Direct Measurement of Pulsatile Floic was made by collecting femoral artery blood through a short rigid conduit extending from the place where the meter encircled the vessel to a rotating disc carrying 60 tubes at the edge. The tubes had quadrilateral openings with knife edges closely abutted, and could accept, without splashing, up to SSO ml./inin. through a 4 mm. conduit, at the rate of 25 tubes passing the conduit per second. The tubes were weighed and volumes calculated with correction for specific gravity.
Harmonic Analysis of flow curves was made from an enlargement of the original tracing, using 4S ordinates for the cycle. The Fourier coefficients for 24 harmonics were calculated from these ordinates with the aid of Runge's schedule, 3 and applied at selected points along the curves.
Blood l'rcssuri' was measured with a Statliam l' -il-tG strain gage. The canimla size was selected to give approximately 64 per cent of critical damping, indicated by a 7 per cent overshoot with instantaneous pressure change. 
RESULTS
The data of figure 3 show that it is possible to record 100 per cent of an alternating flow signal up to a frequency of 45 c.p.s. with the meter described. There was no measurable overshooting or undershooting. This performance was only obtained after repeated refinements of the apparatus, directed at elimination of noise (additions to the signal not proceeding from the source). The noise effect, mainly arising from 60 cycle currents anywhere in the vicinity, is illustrated in the top row of figure 4: amplitude is diminished and details are obscured. The apparent improvement in the recording that can be obtained with condenser damping used on the output flow signal is achieved at the expense of full response to higher frequencies. The same objection applies to other types of filter. Elimination of most of the noise at its origin is therefore essential for full recording of high frequencies.
Direct calibration of pulsatile flow recordings, by fractional collection and weighing of femoral artery blood, is shown in figure 4 . The flow volume and pattern differ from those normally found in the femoral artery, but present suffieient fluctuation to provide a test of the apparatus while in use on an animal, and to illustrate the effects of noise (top row) and of electrical damping (second and third rows).
The small size of the flow signal (often less than 100 jiv.) obtained with a convenient size of magnet makes it almost impossible to eliminate noise of relatively significant magnitude under usual operating conditions. Since either the presence of noise or its suppression by an electric device reduces the response to higher frequencies, it is of practical importance to define the minimum frequency response required for adequate flow recording. Of the various flow patterns, that in the femoral artery presents some of the most rapid accelerations, and probably requires one of the highest frequency responses for accurate recording. This pattern was therefore selected for harmonic analysis, to determine the relative importance of various frequencies in the total amplitude of the curve. The recordings used for analysis ( fig. 5 ) were obtained with the same equipment that was shown to respond fully to 45 c.p.s. The pressure is included in the figure to illustrate its relation to the flow curve.
The second cycle of flow in figure 5 is shown in figure 6. Figure 7 represents another cycle from the same animal, in which some irregularities of uncertain origin are present. The pulse rate was 2.5/sec. in both cases. Harmonic analyses of the two curves gave similar results. The curves are almost exactly reproduced by the sum of 18 harmonics, the full recording of which requires 100 per cent response to 45 c.p.s. at this pulse rate. The additional contribution of the remaining 6 harmonics was negligible, even when hypothetical corrections were made on the assumption that the response fell off sharply from 100 per cent at 45 c.p.s. to 50 per cent at 60 c.p.s. Mechanical difficulties prevented calibrations above 45 c.p.s. The sum of the first 4 harmonics only, the complete recording of which requires full response to 10 c.p.s. at this pulse rate, gave curves too low by 17 and 18 per cent of the differences between mean and true peak flow, with an apparent phase shift of 7.5° (figs. 6 and 7). Some additional contribution to the peak is of course made figure 6 , for example, the contributions of the fundamental through the eighth harmonic to the amplitude of the curve above the mean are as follows, in per cent: 16, 39, 17, 11, 6, 4, 4, and 2.5, giving a total of 99.5 per cent. In the more gently undulating parts of the record, the sum of 4 harmonics differs but little from the total of 18 or 24.
In making a femoral artery flow recording on another animal, a condenser of .006 mfd. capacitance was necessary in the flow output circuit. The effect of this condenser on frequency response was previously established (fig. 3) , and its effect on the flow curve could be accurately determined after a harmonic analysis was made. The response ratio (actual response divided by theoretic full response) for each frequency was divided into the value for the harmonic of that frequency, to obtain the theoretical value of the corresponding harmonic in a true flow curve. The true curve was then represented by the sum of the theoretical values. The analysis showed that the amplitude of peak above mean flow in the actual recording was 13 per cent smaller than it should have been. It could not be distinguished by inspection from other curves known to be undamped. The accuracy of mean flow determination is not affected by this type of error.
DISCUSSION
Previous work on the frequency response of magnetic flowmeters has been described by Inouye and Kuga 4 and by Spencer and Denison. 5 These authors did not report the percentage of the original signal, which was recorded at various frequencies, however, and it is difficult to estimate the accuracy of their pulsatile flow curves.
The number of harmonics requiring full representation for an adequate record was judged by McDonald 0 to be only four in the case of femoral artery flow in the dog. It appears that this number is inadequate in the present experiment, and in any event the number required must allow for the rapidity of flow changes in various physiologic conditions. The flow curve analyzed by McDonald was obtained by cinematography of gas bubbles injected into the artery. This method produced curves quite similar to those we have obtained, but direct comparison has not been made. It is possible that some fluid slipped past the bubble, motion of which would then not represent the complete flow accelerations. The method of harmonic analysis can be useful for the purpose of establishing frequency response requirements only to the degree that accuracy of the curve to be analyzed has itself been established by some independent means of calibration.
It has become evident that realization of the theoretic advantages possessed by the magnetic meter cannot be taken for granted without solution of some practical difficulties. Use of the square wave principle described by Denisou, Spencer, and Green seems to us to provide an improvement in stability of base line over previously described d.c. and a.c. types, which we have also tried. The use of a battery-powered amplifier reduces noise. Our magnet-electrode assemblies provide a circular cuff around the vessel rather than the slot used by Denison, which compresses the vessel in one diameter. As "Womersley's analj'sis showed, the slot arrangement may give adequate results under some circumstances. 7 In the case of unusually rapid flow, however, as in an arteriovenous shunt, we have found that the slightest distortion of the vessel may cause pronounced changes in pressure and flow, and must therefore be avoided. 8 It is obviously necessary to avoid any encroachment on the veins adjacent to peripheral artery, and the size of the magnets for measurements in these vessels is limited by this consideration. On the other hand, maximal strength of magnetic field, determined partly by core size, is desirable to minimize the need of amplification and its attendant noise. Magnet design must therefore represent a suitable compromise. Use of the bared magnet core for grounding (described under "Methods") eliminates much of the noise otherwise present and provides a level base line; it also helps to prevent asymmetrical ground connections near the electrodes, which are capable of causing different calibrations in the two directions of flow. Although further technical improvements, such as use of transistor circuits, are being tested, the magnetic flowmeter developed has reached the point where it can be reliable and relatively easy to use. The validity of pulsatile flow measurements with a fully calibrated instrument correctly fitted to a vessel probably exceeds that of other methods now available.
The magnetic meter is being increasingly used in clinical problems where pulse flow is of interest. In the operating room, major arteries often lie exposed in the course of surgical procedures, and it is a simple matter to encircle them for a few moments with the electrode cuff, and record pulsatile flow. When the noise level and other conditions can be properly regulated, the patterns that will be obtained, correlated with pressure pulses, may be useful in diagnosis or evaluation of treatment, particularly in connection with sympathectomy, endarterectomy, and vascular shunts. Changes of pattern are not as easily interpreted as altei'ation of mean flow, however, and if the frequency calibration is not known to be fully adequate, pulse records are likelv to be of little worth for detailed analvsis.
SujlMARY
The electromagnetic flowmeter is capable of recording a full response to at least 45 c.p.s., but this capacity may be seriously reduced by the presence of extraneous signals (noise) or the use of filters. Accurate recording of the femoral artery pulsatile flow in an anesthetized dog required full response to 8 harmonics, or 20 c.p.s. at the existing pulse rate.
SUMMARIO IN INTEKLIXGUA
Le fluxometro electromagnetic es capace de registrar un responsa complete a al minus 45 cydos per secunda, sed iste capacitate pote reducer se seriemente in le presentia de signales extranee o con le uso de filtros. Le ac-curate registration del fluxo pulsatil in le arteria femoral de un can in stato anesthesiate requireva un respoiisa complete a S harmonicos o 20 cyclos per secunda al existente frequentia del pulso.
